This study compared two commercially available quantitative neuromuscular function monitoring techniques, kinemyography (KMG) and electromyography (EMG), to assess whether KMG could be used interchangeably with EMG to exclude residual neuromuscular blockade (RNMB). Train-of-four (TOF) ratios were recorded every 20 seconds using KMG at the adductor pollicis and EMG at the first dorsal interosseous of the same hand during spontaneous recovery from shallow neuromuscular blockade. TOF ratios were compared using Bland-Altman analysis for repeated measurements. The precision of each device was assessed by the repeatability coefficient. Agreement between devices was assessed by the bias and limits of agreement. Clinically acceptable agreement was defined as a bias <0.025 within limits of agreement ±0.05. We recorded 629 sets of TOF ratios from 23 patients. The repeatability coefficient for KMG was 0.05 (95% confidence interval [CI] 0.05 to 0.06) and for EMG 0.10 (95% CI 0.10 to 0.11). Overall, the bias of KMG TOF ratios against EMG TOF ratios was 0.11 (95% CI 0.10 to 0.12), with limits of agreement -0.11 to 0.32. In the 0.80 to 0.99 TOF range, the bias was 0.08 (95% CI 0.06 to 0.09) and the limits of agreement were -0.12 to 0.27. Overall, TOF ratios measured by KMG were on average 0.11 higher than EMG. In the 0.80 to 0.99 TOF range, KMG TOF ratios were 0.08 higher. EMG and KMG are not interchangeable because the bias is large and the limits of agreement are wide. Thus a maximum TOF ratio of 1.0 on KMG may not exclude RNMB.
Introduction
There is increasing interest in quantitative (objective) neuromuscular function monitoring (NMFM), with the recent development in professional standards documents for assessing the variable effects of the neuromuscular blocking agents 1, 2 . The Association of Anaesthetists of Great Britain and Ireland recommends that "A measure of neuromuscular blockade is essential for all stages of anaesthesia when neuromuscular blockade drugs are administered. This is best monitored using an objective, quantitative peripheral nerve stimulator" 1 . In order to detect residual neuromuscular blockade (RNMB), defined as a train-of-four (TOF) ratio <0.9, a NMFM device must be accurate in the range 0.8 to 1.
Mechanomyography (MMG) is the gold standard for NMFM. However, MMG is cumbersome to apply and not available for clinical use. Kinemyography (KMG) is a commercially available quantitative NMFM device. Previous comparisons of MMG and KMG, because of the specific experimental setup required, have only involved contralateral hands, which may affect the bias [3] [4] [5] . Electromyography (EMG) has been suggested as an alternative gold standard to MMG, because it is not subject to changes in myofibril contractility (staircase effect), and they are comparable when measured at the first dorsal interosseous (FDI) or adductor pollicis during late recovery [6] [7] [8] [9] . Hence, we chose EMG as an alternative clinical standard to which we could compare KMG. KMG consists of a moulded plastic sensor containing a piezoelectric strip, which is placed between the thumb and the second digit. Stimulation of the ulnar nerve causes contraction of the adductor pollicis and FDI muscles, deforming the piezoelectric element in the sensor and generating electrical signals that are proportional to the force of thumb contraction. These changes are detected and processed by the neuromuscular transmission module into a numerical value twitch height and TOF ratio 10 .
Our previous study comparing KMG with EMG found that KMG overestimated an EMG TOF ratio of 0.90 by 0.08, a large potential error given the small range of TOF of interest when excluding RNMB 11 . That study included recordings taken after administration of anticholinesterase and used the interpolation of spline curves to estimate the TOF at different timepoints. In this current study, a more robust experimental design saw all readings taken during spontaneous recovery, included no estimated readings and included repeated control recordings to accurately account for spontaneous recovery of neuromuscular blockade.
This study compared KMG with EMG to assess if KMG could be used interchangeably with EMG to exclude RNMB. Comparisons were conducted with respect to precision and agreement of TOF ratios in the ipsilateral hand during recovery from neuromuscular blockade.
Materials and methods
The study was approved by the Human Research and Ethics Committee of our hospital (EC 00141-2013:027), and patients undergoing surgery requiring neuromuscular blocking agents were invited to participate. Written informed consent was obtained. Exclusion criteria were: age less than 18 years, pre-existing neuromuscular conditions, allergy to electrode adhesive, and difficult access to the study hand during surgery. The following demographic information was recorded prior to data collection: weight, height, age, and sex. Body mass index (BMI) was calculated.
Neuromuscular function was monitored using EMG and KMG on the same hand using the Datex-Ohmeda NMT (neuromuscular transmission) module (software 891647-2.9, Datex-Ohmeda, Helsinki, Finland). This device has the capability of measuring both KMG and EMG responses using the MechanoSensor® and ElectroSensor® respectively and both devices display the waveform of the evoked electrical response, the twitch height and the TOF. Five Red Dot Ag/AgCl Paediatric Micropore TM backed 7 mm diameter electrodes (3M, St. Paul, MN, USA) were affixed to the hand for EMG: two stimulating electrodes over the ulnar nerve, (the negative brown electrode being placed distal to the positive white electrode), the ground black electrode midline over the distal wrist crease, a neutral red electrode on the lateral aspect of the index finger, and the recording green electrode over the FDI muscle. The MechanoSensor® for KMG was fixed between the thumb and index finger using a thin strip of Transpore TM tape (3M, St. Paul, MN, USA). The same two stimulating electrodes over the ulnar nerve were used for both KMG and EMG. The skin surface hand temperature was measured using a peripheral temperature probe, and maintained above 32˚C using a forced-air warmer.
After intravenous induction of anaesthesia with propofol, the supramaximal stimulating current was established for EMG and KMG using the built-in neuromuscular transmission differences in TOF ratios on either side of the bias ( , where was estimated by + )gand capture 95% of differences between KMG and EMG TOF ratios. The 95% confidence interval for the limits of agreement was constructed using the sample variance,
where n is the number of sets of comparisons. We defined clinically acceptable agreement between KMG and EMG as a bias <0.025 within limits of agreement ±0.05 in TOF ratios, provided the control comparison between EMG and itself could fulfil these criteria 12 .
Results
We collected 629 comparisons between KMG and EMG from 23 patients, including 217 comparisons of TOF ratios from 18 patients in the 0.80 to 0.99 range. Characteristics of (NMT) module function, before neuromuscular blockade with rocuronium was established. The modules were set to measure TOF using four supramaximal stimuli every 20 seconds, with a pulse width of 200 microseconds and a frequency of 2 Hz.
Data recording began once the EMG TOF ratio recovered to at least 0.20 and was undertaken by a research assistant not involved in the administration of anaesthesia. TOF ratios were recorded every 20 seconds, twice with each monitor, before alternation (see Figure 2 ) until the surgery was complete or the EMG TOF ratio reached 1.00. This allowed for comparison of EMG with KMG as well as evaluation of the effect of any baseline change over time due to spontaneous recovery from neuromuscular blockade 12 .
A hierarchy of analyses were planned as described in detail elsewhere 12 .
Collected data was analysed using statistical software R (version 3.1.0, The R Foundation for Statistical Computing, Vienna, Austria). The Bland-Altman analysis for repeated measurements was implemented to compare KMG with EMG in terms of repeatability, bias, and limits of agreement at varying levels of TOF and overall [13] [14] [15] . In addition, EMG was compared with itself to evaluate the baseline change over successive TOF ratios due to spontaneous recovery of neuromuscular function. Multiple sets of KMG and EMG TOF ratios from the same patient were treated as independent comparisons. This approach would produce the identical estimate of bias compared to a random effects approach, but the limits of agreement would be slightly more conservative 13 .
The sample size was determined a priori based on ensuring a reliable estimate of bias with a 95% confidence interval (CI) within ±0.25 during late recovery 12 . Using a pilot study estimate of 0.10 as the standard deviation of differences, a minimum of 177 comparisons of KMG and EMG TOF ratios in the range of 0.80 to 0.99 from 19 different patients were required.
The precision of each monitor was assessed by calculating its repeatability coefficient from one-way analysis of variance of repeated measurements 14, 15 . A smaller repeatability coefficient indicates higher precision. This is defined as 1.96 times the standard deviation of the differences in TOF ratios ( , where was estimated by the square root of the residual mean square). The interval (-r,r), known as the 95% repeatability limits, captures 95% of differences between successive measurements made using the same device. The 95% confidence interval (CI) for the repeatability coefficient was constructed using the sample variance , where n is the number of sets of measurements.
The bias (D ̅) between the devices was determined by calculating the mean difference between corresponding TOF ratio measurements made using KMG and EMG. The limits of agreement are defined as 1.96 standard deviations of the the patients are summarised in Table 1 .
KMG was significantly more precise than EMG for measuring TOF ratio (Table 2) . Overall, the repeatability coefficient of KMG was 0.05 (95% CI 0.05 to 0.06) and EMG 0.10 (95% CI 0.10 to 0.11). In the 0.80 to 0.99 TOF range, the repeatability coefficients of KMG and EMG were 0.05 (95% CI 0.04 to 0.05) and 0.09 (95% CI 0.08 to 0.10), respectively.
The bias and limits of agreement are shown in Table  3 . Overall, we found a bias of 0.11 (95% CI 0.10 to 0.12) between KMG and EMG, with wide and positively skewed limits of agreement (-0.11 to 0.32). In the 0.80 to 0.99 TOF range, the bias was 0.08 (95% CI 0.06 to 0.09) and the limits of agreement were -0.12 to 0.27. The control comparison between EMG and itself showed that the baseline change in successive measurements attributable to spontaneous recovery of neuromuscular function was negligible-0.02 (95% CI 0.01 to 0.02) overall and 0.01 (95% CI 0.00 to 0.01) in the 0.80 to 0.99 range. However, the limits of agreement were unacceptably wide: -0.09 to 0.12 overall and -0.09 to 0.10 in the 0.80 to 0.99 range. The bias between KMG and EMG was significantly larger than the baseline changes attributable to spontaneous recovery.
Discussion
RNMB is defined as the presence of signs or symptoms of muscle weakness in the postoperative setting after the administration of neuromuscular blocking agents, and may occur when the TOF ratio is below 0.90 16 . In the TOF ratio range of most interest when excluding RNMB, 0.80 to 0.99, KMG overestimated EMG by 0.08 (95% CI 0.06 to 0.09) on average, with wide and positively skewed limits of agreement (-0.12 to 0.27). This means that a KMG TOF ratio of 1.0 is approximately equivalent to an EMG TOF ratio of 0.92 on average, but may also be as low as 0.73. Therefore, a maximum KMG TOF ratio of 1.0 does not reliably exclude RNMB. Imprecision of KMG and EMG contributes to, but does not fully account for the wide limits of agreement. The baseline change between successive measurements attributable to spontaneous recovery of neuromuscular function was a negligible amount of 0.01, 95% CI -0.01 to 0.01 in the 0.80 to 0.99 range. Thus there is an inherent bias between KMG and EMG that cannot be explained entirely by device imprecision or spontaneous recovery of neuromuscular function.
We found the precision of KMG TOF ratios to be less than previously reported. Motamed et al reported a repeatability coefficient of 0.019 and Stewart et al 0.035 4, 11 . A potential explanation is that the MechanoSensor is only available in one size, so some variation of precision with hand size is possible. This could be reflected in our results as 30% of patients were overweight and a further 30% were obese.
Previous studies have also demonstrated better precision of EMG at the FDI than found in this study 12, 17 . Several explanations for this can be considered. As a majority of patients were overweight, it is possible the increased depth of subcutaneous tissue at electrode sites interfered with the precision. The presence of preload may also alter the evoked EMG response, in this case applied by the fixed MechanoSensor 9 . Diathermy can also cause interference with the EMG sensor 18, 19 . Research has indicated that the abductor digiti minimi, also innervated by the ulnar nerve, has superior precision (repeatability coefficient of 4.4%) and the recording electrode placed on the skin above this muscle is least likely to detect extraneous signals from other muscles that may be concurrently stimulated 17 .
Three previous studies comparing KMG and EMG have been published 11, 20, 21 . Our previous study comparing KMG and EMG reported a bias of 0.11 with limits of agreement -0.13 to 0.35 overall, and a bias of 0.08 with limits of agreement -0.08 to 0.25 at an EMG TOF ratio of 0.90 11 . The wider limits of agreement were most likely a result of the Table 3 Bias
and limits of agreement between KMG and EMG measurements of TOF ratio, in contrast to a control comparison between EMG and itself

KMG-EMG EMG-EMG (control)
TOF range # n Bias(95% CI) 95% limits of agreement EMG was compared with itself to evaluate the baseline change over successive TOF ratios due to spontaneous recovery of neuromuscular function. KMG, kinemyography; EMG, electromyography; TOF, train-of-four ratio; CI, confidence interval.
# Allocation of a set of KMG/EMG comparisons to the appropriate TOF range is determined by the mean of KMG measurements. Allocation of a set of EMG/ EMG comparisons is determined by the mean of the first two EMG measurements.
smaller sample size (n=16). Although the results for bias are similar, the statistical method used in the first study employed interpolated spline curves to estimate the TOF at predetermined timepoints. In this study, all comparisons are of actual measured data, eliminating any potential fitting error. Additionally, the recording sequence provided four consecutive EMG recordings in every eight measurements of TOF, which allowed accurate quantification of the effect of spontaneous recovery. Furthermore, in our previous study, many recordings were made after administration of neostigmine. This induces a state of rapid recovery that could affect the accuracy of timepoint comparison. Consequently, the bias detected may not necessarily reflect the true mean difference between devices. In this study, all measurements were made during spontaneous recovery of neuromuscular blocking agents, avoiding potential error introduced by this state of rapid recovery. Salminen et al compared the agreement between KMG and EMG TOF ratios using Bland-Altman analysis as conducted in this study 20 . The observed bias of 0.1392 is in concordance with our findings. Unfortunately, they did not report the coefficient of repeatability for either KMG or EMG devices. Their methodology also differed, with EMG measurements only obtained at 0.10 TOF increments during recovery. Our study obtained EMG data points throughout the entirety of the 0.20 to 0.99 TOF range.
Gaffar et al compared the agreement between KMG and EMG in a paediatric population 21 . The authors compared lag time between devices for recovery to a TOF ratio of 0.90, reporting a strong correlation (correlation coefficient of 0.958) 21 . However, this was not statistically significant (P=0.48). The validity of using correlation between lag times to compare agreement is questionable. Strong correlation does not necessarily indicate strong agreement or interchangeability. A strong correlation could exist between two devices despite a large bias as long as the amount of bias remained consistent.
Our study has several strengths. We used the Bland-Altman analysis for repeated measurements to evaluate the agreement between KMG and EMG whilst accounting for device imprecision. We compared KMG and EMG on the same hand to avoid issues with contralateral comparisons, as it has been shown that individual differences in TOF ratio between arms can be up to 0.20-0.25 at the TOF ratio of 0.90 22 . To account for any differences between successive measurements due to spontaneous recovery, we conducted sets of measurements from the same patient. A random effects model would produce an identical estimate of bias and wider limits of agreement, which would lead to the same conclusion as the standard analysis in this case that the agreement between EMG and KMG was not clinically acceptable 13 . We pooled all TOF ratios between 0.20 and 0.99 to obtain overall estimates of bias, limits of agreement, and repeatability coefficient. We assumed that these estimates remained relatively constant across all TOF ratios. However, our stratified analysis showed significant differences in the 0.20-0.39 and 0.60-0.79 ranges, so the overall estimates should be interpreted with this in mind. With regard to assessment of RNMB, the 0.80 to 0.99 range is of primary interest. We separately reported the estimates of bias, limits of agreement and repeatability coefficient in this clinically important range. In summary, compared to EMG measured at the FDI muscle, TOF ratios measured using KMG had an overall bias of 0.11 (95% CI 0.10 to 0.12) and a bias of 0.08 (95% CI 0.06 to 0.09) in the 0.80 to 0.99 TOF range with wide limits of agreement when measured during spontaneous recovery from neuromuscular blockade. EMG at the FDI and KMG cannot be used interchangeably. When KMG is used to assess adequate a control comparison between the EMG device and itself. Our study showed that the inherent bias between the KMG and EMG could not be explained by the two main possible sources of error: device precision and spontaneous recovery of neuromuscular function.
However, there were some limitations in our study. We did not control variation in anaesthetic management, height, weight, hand size, or arm dominance in our participants. Our study cohort had a wide range of ages, females were over-represented and 60% of patients had a BMI above 25. Nevertheless, comparisons of readings from each monitor were compared within each patient, so each patient acted as his/her own control. The effect of increasing BMI on the precision of neuromuscular function monitoring devices warrants further investigation. It has also been suggested that unreliable EMG results may also be due to fixation of the hand with a preload on the thumb, which could alter the position of the electrodes in relation to the muscle 19 . The patient sample size was small. To achieve adequate precision for our estimates, we treated multiple sets of measurements from the same patient as if they were independent. We used the standard Bland-Altman analysis without a random effects model to adjust for correlation between multiple 
